The nuclear "renaissance" that is taking place worldwide concerns the new build of GW size reactor plants, but smaller GenIII+ NPP (Small Modular Reactors, SMR) are on the verge to be commercially available and are raising increasing public interest. These reactor concepts rely on the pressurized water technology, capitalizing on thousands of reactor-years operations and enhancing the passive safety features, thanks to the smaller plant and equipment size. On the other hand, smaller plant size pays a loss of economy of scale, which might have a relevant impact on the generation costs of electricity, given the capital-intensive nature of nuclear power technology. The paper explores the economic advantages/disadvantages of multiple SMR compared to alternative large plants of the same technology and equivalent total power installed. The metrics used in the evaluation is twofold, as appropriate for liberalized markets of capital and electricity: investment profitability and investment risk are assessed, from the point of view of the plant owner. Results show that multiple SMR deployed on the same site may prove competitive with investment returns of larger plants, while offering, in addition, unique features that mitigate the investment risk.
Introduction
Some GenIII advanced designs that are planned for deployment or currently under construction have emphasized their passive safety features and design simplifications [1] ; nevertheless, further enhancements in passive safety are possible by reducing the plant scale below the GW power size. Following IAEA definition, the category of small and medium sized reactors encompasses the designs below 700 MWe [2] , but novel design layout and concepts are made possible by smaller sizes (i.e., from 350 MWe downwards) [3] [4] [5] . The interest by the investors community for the Small Modular Reactors (SMR) option [6] and the proactive development effort by vendors recommend an in-depth analysis of the economics of this reactor category.
Currently only two SMR class reactors are under construction in the world: the Russian KLT-40s and the Argentinean CAREM, but other projects are in an advanced stage of development or under licensing, with some sites already identified for their deployment.
For the purpose of the economic evaluation, this paper excludes those cases where SMR are the only technically viable deployment option, such as scattered population, remote areas, and sites with physical limitation to the overall power installed (e.g., limited water resources and grid capacity).
On the contrary, when SMR are considered as an alternative option to GW-scale NPP, economic analysis shall investigate the rationale of such an investment case. For a correct comparison, the same total power installed on the same site is considered: LR shall be compared with multiple SMR with equivalent overall capacity at site level. In this case, SMR exploit the so-called "Economy of Multiples, " that counterbalances the loss of "Economy of Scale. " The latter is the economic paradigm that drove the design evolution towards larger and larger power capacity along the civil nuclear era, up to the current French EPR (1,600 MWe). Economy of scale holds as a hard fact in the nuclear capitalintensive industry (Figure 1 ). With this considered, SMR must be able to bring new specific benefits able to recover economic competitiveness and to offer attractive or protective conditions to investors.
In this study, the assessment of the economic competitiveness of SMR is approached with a twofold perspective: (i) investment profitability: the value created by the investment project, given specific scenario conditions, is measured and related to the investment effort; (ii) investment risk: the risk-mitigation features of SMR and LR are considered and analysed.
Method and Tool
The economic competitiveness of SMR has been assessed by means of a software simulation tool developed by Politecnico di Milano-Nuclear Reactors Research Group: the integrated model for competitiveness assessment of SMR (INCAS) [7] . INCAS is a MATLAB-based code able to calculate investment scenarios in NPP deployment. The INCAS code is based on a discounted cash flow (DCF) analysis that is performed over a given investment scenario. Results provide the calculation of key economic performance indicators. Internal rate of return (IRR) and Profitability Index (PI) have been assumed as a key indicators of investment profitability. The levelized cost of electricity (LCOE) that represents the unit generation cost of electricity attained by a specific LR or SMR plant measures cost effectiveness. In a DCF model, LCOE is calculated as the minimum electricity price that is able to grant a threshold investment profitability (in terms of IRR); this means that, by selling electricity at LCOE, the plant manager is able to cover all operating and capital costs, including a target capital remuneration (IRR).
The INCAS code is able to account for a self-financing capability of the project: if a multiple NPP fleet is deployed through a staggered schedule, the cash flows from the sale of electricity by early units may be reinvested in the construction of late NPP units. This self-financing capability allows decreasing the up-front capital requirements and may be relevant when total power installed is fractioned into multiple smaller units.
In this work, a stochastic approach is used to include the scenario uncertainties in the analysis. The statistical estimate of probability distributions of the relevant output is calculated by means of Monte Carlo simulation.
Input and Assumptions
Among the economic benefits of multiple, smaller NPP units, some apply in the construction cost mitigation [10] . (ii) Learning effect: the higher the number of NPP built on the same site is, the higher the cost effectiveness of construction and assembling activities on site is, due to learning accumulation and best practice achievement by the manpower.
(iii) Cositing economies: economy of scale increases the unit cost of output product because it allocates the fixed costs on the first plant unit. Cositing economies account for the redistribution of site-related fixed costs on the whole SMR fleet.
(iv) Design savings: unique design and layout features are enabled by the smaller physical size of plant equipment. SMR design may result leaner and be simplified, with lower active components. On a standalone basis, the mere plant design should represent a cost-saving feature of SMR as compared to LR.
In Figures 2, 3 , and 4 the above-mentioned features are represented against the power size of a single NPP. On the contrary, "Design savings" are strictly related to a specific reactor concept: for this reason they can be quantified based on the detailed engineering of a specific plant layout and are not applicable to different design with the same size.
No design saving curve can therefore be sketched. On the contrary, with a reverse approach, design saving factors of different SMR sizes have been estimated in order to bring their profitability in line with LR. It has been calculated [20] that this factor strongly depends on the reference unit overnight cost assumed [C/MWe], because the higher the loss of economy of scale to recover, the higher the design enhancements and simplifications (i.e., "Design saving factor") to recover the investment profitability. It may be calculated that, Learning factor (%)
Number of reactor units on the same site with construction costs ranging in 3000-5000 C/KWe, 350-150 MWe plants need design savings up to 10% in order to be competitive with larger units lays, while for the smallest plants (e.g., 50 MWe) this factor must increase up to 17%. Design saving factors of this order should be achievable [21] . In this work, a design saving factor of 10% has been allowed to a 300-350 MWe SMR over the unit construction cost of a LR.
All of the above-mentioned economic features are assumed as a framework model for the economic analysis of SMR and allow decreasing the construction costs of multiple SMR, thus recovering the loss of economy of scale.
In the following, case-study scenarios with a single, standalone LR and multiple power-equivalent SMR are analysed, in order to assess the economic rationale of smaller scale NPP with commercially available large scale NPP of the same technology. Key technical and economic assumptions are listed in Table 1 , while deployment schedules considered in the analysis are represented in Figures 5 to 7 , with a reference scenario and 6 possible construction delay case studies.
Static scenario analysis does not allow catching the complexity of dynamics that drives the relevant variables nor the uncertainty about their evolution and the forecast capability over a very long time horizon. Sensitivity analysis allows assessing the impact of relevant input parameters on the economic performance. This is the case of possible delay in the construction schedule. A construction delay is an event capable of deeply puzzling the economics of a NPP investment project. For this reason, SMR competitiveness versus equivalent LR has been tested against four possible construction delay scenarios, each of them with the same delay, in terms of total number of years on the project (from 1 to 4 years).
As shown in Figure 6 , the construction delay on each SMR unit is shorter and/or it applies on the first SMR units only: in other words, it does not affect the whole investment cost, as it does in the case of the single LR. This is reasonable to argue that the construction delay must in some way be proportional to the construction duration and that it is considered very improbable that mistakes and project management mismatches-causing the delay-would replicate in the same manner on all the units of a fleet made of NPP of the same type. Generally, it may be assumed that a sort of learning process might improve, correct, and optimize the information and the operations in the construction process, in a way that the possible delay might decrease from the early to the later deployed units. The same effect would apply to a LR fleet, but, given a total generation capacity installed on a site, the number of SMR units would always be higher than equivalent LR. These considerations apply as far as "intrinsic" delay events are concerned, that is to say delay events that may arise from the procurement, the project management, the assembly, and construction activities.
Unexpected "external" events may also be the cause for construction delays. These events may happen randomly in time and cause a stop in the NPP construction. This is the case, for example, of a political climate change, the withdrawal of a public support to the investment project, a political halt due to adverse public opinion, and the consequence of a natural disaster (like the recent Fukushima event). This kind of delay is not proportional to the construction duration of a NPP and happens randomly in time, with a random duration.
In this work, the effect of "intrinsic" construction delay has been investigated by means of a sensitivity analysis, while "external" delay events have been analysed by means of a Monte Carlo simulation.
It has been considered that one of such delay events may happen randomly during the investment period, producing a delay in the schedule of a NPP under construction and shifting onwards the construction of NPP that have not been started yet. Whenever it begins, the "external" delay event may affect one or more SMR units, depending on the specific construction plan and staggered units. The maximum duration considered for the "external" delay event is three years.
Along with construction delay, Monte Carlo analysis is a suitable tool to investigate the impact of general scenario uncertainty on the economic competitiveness. The key investment-case parameters have been considered stochastic and distributed according the probability distribution functions (PDF) indicated in Table 2 .
Results and Discussion

Cost Effectiveness.
In the reference case, with 7% cost of debt and 10% cost of equity, cost effectiveness of LR is sensibly higher than SMR in terms of LCOE (i.e., lower LCOE).
The reason lies in the fact that economy of scale is not fully recovered by the benefits and cost savings of multiple SMR. The overnight cost of the SMR fleet shows a decrease on the back of learning and cositing economies that brings the construction cost of the last unit in line with the cost of a single LR (Figure 8 ), but, on average, the whole SMR fleet bears higher construction cost on a unit base that affects its LCOE.
Nevertheless, if the target remuneration for the equity capital (i.e., cost of capital) is increased to 15%, the cost effectiveness of the two alternative investment options is brought in line with each other. The same trend is confirmed with increasing cost of debt, meaning that multiple SMR are more cost effective with high cost of capital ( Figure 9 ).
The rationale of this outcome lies in the shorter construction period of each SMR module, that accounts for lower financial interests capitalization. Interest during Construction (IDC) is accounted over the invested capital during Figure 8 : Unit construction costs in reference scenario [22] .
the construction period and may end up by representing a relevant part of the Total Capital Investment Cost. If construction period is shorter for SMR, then the incidence of financial interests accumulated during the construction period on overnight construction costs is lower. Financial interests are included as a component in the electricity generation cost and thus the higher the interest expenses, the higher the LCOE and the longer the payback time of the NPP investment. In other words, SMR show a better financial behaviour and for this reason, their performance improves on LR when capital costs are higher ( Figure 9 with > 7% and = 15%). This feature is particularly valuable in liberalized (capital and energy) market conditions, where capital costs are higher, compensating for higher investment risk.
Risk and Returns.
Sensitivity analysis over possible delays in the construction schedule shows that multiple SMR are a robust investment project in terms of cost effectiveness, towards this kind of events. 
SMRs, K e = 15% LR, K e = 15%
SMRs, K e = 10% LR, K e = 10% Figure 9 : LCOE trend with increasing cost of debt ( ) and different cost of equity ( ) (adapted from [23] ).
While the cost of equipment is fixed, other construction costs are sensitive to time increase: for example, workforce on the site yard, financial costs, cranes and auxiliary equipment rent fees, and so forth.
As said, based on the assumptions, in the case of multiple SMR, delay and consequent extra-costs affect only a portion of the Total Capital Investment Cost, since only some but not all the SMR units may be concerned. In the case of LR, the whole capital investment cost is affected by the construction delay, in its sensitive cost items. As a consequence, in case of construction delay, the increase in the LCOE is sharper for LR, while multiple SMR are an intrinsically safer investment option towards this unfavourable event (Figure 10) .
The economic competitiveness of multiple SMR versus LR has been investigated under uncertain scenario conditions and tested against construction delays of "external" nature. The values of PI of the two alternative investment projects are the same magnitude and are substantially in line with each other (Table 3) . Given the uncertainty span over the cost/price estimates for input parameters, it may be concluded that the two projects grant the same level of investment profitability. This result is a very significant one, if one considers the effect of economy of scale on smaller NPP: it means that multiple SMR have features able to partially compensate for the loss of economy of scale.
Nevertheless it is interesting to notice that, compared to deterministic scenario, results are reversed in stochastic simulation, where investment profitability of SMR appear better than LR (Table 3) . In deterministic scenario, the value of Profitability Index is higher for the LR project, but it is lower than SMR under stochastic conditions. This result is interesting as far as it highlights a trend and shows the robustness of multiple SMR against uncertain scenario conditions. This behavior is mainly due to an intrinsic lower exposure of multiple NPP to an "external" delay event: staggered deployment grants the possibility to defer the construction of later units after the end of the "external" delay event, without incurring in cost overruns. Multiple SMR represent an intrinsic investment modularization in a way that only a fraction of the total investment (some of the units) might be affected by a random delay event. Figure 11 shows that the cost overruns in stochastic scenario are more limited for multiple In addition, self-financing capability of multiple NPP and lower financial interest escalation during construction mitigate the possibility of a financial default in case of unfavorable scenario evolution (e.g., very low electricity price).
Conclusions
The premise of this work is the opportunity to investigate the economic competitiveness of SMR, considering the impact of a loss of economy of scale over the construction cost in a capital-intensive business, like nuclear power generation. Specific features of multiple GenIII+ SMR are analysed in order to understand at what extent they are able to compensate for this loss of economy of scale.
An investment case has been defined and simulated with the comparison of four SMR, deployed with a staggered schedule, and a stand-alone LR with equivalent power on site. The economic competitiveness of multiple SMR has been tested against a single equivalent LR under deterministic and stochastic scenario conditions, accounting for the possible uncertainty embedded in the market conditions or in the capability to estimate and forecast the cost/price values. Reasonable values for key investment parameters have been 7 assumed and stochastic distributions have been considered to run Monte Carlo simulation of the possible investment scenarios.
In particular, specific assumptions have been elaborated to simulate possible delay events in the construction schedule of SMR and LR.
Results confirm that cost effectiveness of SMR, along with investment profitability, is in line and of the same order with LR's, provided that multiple units on the same site are deployed to exploit benefits from learning on construction process and cositing economies on fixed costs. On the other side, design modularization and simplification account for the cost reduction of each single SMR unit and help in meeting an acceptable investment return/LCOE targets.
Sensitivity analysis shows a better behaviour of multiple SMR versus LR against higher capital costs and construction delays. This "robustness" of the economic performance is confirmed by the Monte Carlo analysis. The rationale lies in the following.
(i) Protection against construction delays:
(a) the possibility to learn from the past reduces the probability of an "intrinsic" delay in later SMR deployment; (b) investment modularization of SMR decreases the exposure of the whole SMR project to "external" delay events.
(ii) Better financial behaviour: shorter construction periods of SMR limit the financial cost escalation and allow to better cope with high capital costs and, in general, with construction delays and unfavourable scenario conditions.
Future developments of the SMR economic and financial analysis, to thoroughly investigate the competitiveness of such a new technology, will be devoted in addressing other important aspects of the SMR deployment path, such as the licensing process [24] , the environmental implications, for example, the emergency planning zone reduction [25] , and the impact on energy security [26] . In particular the licensing item will deserve specific attention, since it will be one of the first, key, and critical aspects in the deployment path also in terms of economic and market risks, due to potential delays and extra-costs.
